The possibility that the increased cardiac output observed in severe anemia is clue to a humoral mechanism was investigated by an assay procedure in which blood from anemic donor dogs was infused into normal assay clogs. Blood removed from anemic donors during the period of augmented cardiac output and infused into assay clogs produced cardiovascular changes which were statistically different from the changes observed with infusions of normal blood or blood removed from anemic donors when the cardiac output was not elevated.
T HE mechanism responsible for the increased cardiac output which occurs in severe anemia is not settled. In a previous communication a description was given of the sequential changes in various cardiovascular indices observed in dogs during and after daily bleedings. 1 It was concluded that the rise in cardiac output was not due to the Starling mechanism as suggested by Sharpey-Schafer, 2 nor was the elevated cardiac output due to a decreased total systemic resistance. Because of various temporal relationships between the different cardiovascular indices it was suggested that the compensatory elevation in cardiac output in anemia may be the result of some slowly-elaborated humoral agent produced or released by the stimulus of the low oxygen carrying capacity of the blood.
This report deals with experimental evidence obtained in dogs which indicates that there is a humoral basis for this hyperkinetic circulatory state. METHODS An assay procedure was carried out in which blood obtained from an "anemic donor clog" was infused into a "normal assay clog." The cardiovascular measurements and calculations described below were made in the normal assay clog before and at the end of the infusion and in the anemic donor dog before, during and after the production of anemia. The dogs were anesthetized with sodium pentobarbital. Measurements were begun 2-2 x /i hours after the initial dose of anesthetic.
Cardiac output was measured by the direct Fick technic. The oxygen content in mixed venous blood from the right ventricle or pulmonary artery, and arterial blood from a peripheral artery, was measured in the Van Slyke apparatus. Oxygen consumption was determined with a Benedict-Roth type spirometer containing 100 per cent oxygen. Right ventricular and systemic arterial pressures were recorded by a Sanborn electromanometer and direct writing recorder. Heart rate was counted from the pressure tracing. Hemoglobin was determined from the arterial oxygen capacity and the hematocrit ratio was measured in Wintrobe tubes. Calculations of the stroke volume and total systemic resistance were made.
In 5 dogs anemia was produced slowly by bleedings of 100 to 300 ml./day for 10 to 15 days or until the cardiac output was elevated. Further bleedings were performed as required to maintain the hyperdynamic circulatory state. On days when measurements were not made enough sodium pentothal was given to ensure co-operation during the bleeding procedure. Five dogs were made rapidly anemic by removing 40-60 per cent of the calculated blood volume and immediately re-infusing an equal volume of Dextran in 0.9 per cent saline.* Assays clone with blood from an anemic donor with an elevated cardiac output are referred to as "assays of anemic high output blood." When possible, blood for assay was obtained from the anemic donor during the bleeding period and/or after partial correction of the anemia when the hemoglobin was moderately reduced and the cardiac output not increased. These assays will be referred to as "assays of anemic normal output blood." Blood was removed for one assay from each donor made acutely anemic \\i to 3 hours after the Dextran-for-blood exchange.
Other assays were carried out on ensuing days and the anemia was maintained in these donors by further bleedings, if necessary.
Blood from anemic donors was collected within 60-90 sec. and the infusion into the assay dog was begun within 10 min. after collection. The hematocrit of the blood obtained from the anemic donor was corrected by the addition of normal packed-cells, prepared from blood obtained from a normal dog within 30 min. before the start of the infusion. The total volume of blood infused averaged 20 per cent of the calculated total blood volumef of the normal assay clog. The proportion of this total volume obtained from the anemic donor averaged 60.0% ± 1.6 (S.E.M.). Three rates of infusion were used: 0.5 ml./Kg./min., 1.0 ml./Kg./min. and at 1.5 ml./ Kg./min. The total volume infused at the fastest infusion rate was occasionally in excess of 20 per cent of the calculated total blood volume of the assay dog.
Control experiments were carried out in which normal dogs were infused with similar volumes of blood obtained from normal dogs anesthetized with cither sodium pentothal or sodium pentobarbital. This blood was administered at 0.5 ml./Kg./min. and 1.0 ml./Kg./min. The variation in the different cardiovascular indices produced by infusions of normal blood was compared with another control group of S dogs studied over a 30 min. period, and in which no blood was given.
All infusions were administered by syringe through a cardiac catheter into the right atrial area. Heparin was used as the anticoagulant. Neither microscopic nor clinical evidence of blood group incompatibility was observed in any of the experiments reported.
RESULTS
A complete description of the hemodynamic changes observed in the anemic donor dogs is beyond the scope of this communication. Similar experiments have been presented in detail elsewhere. 1 The data from the donor dogs essential to this report are given in tables 2-4.
Control Results. The variations in different cardiovascular measurements over a 30 minute period are summarized in (table 1C) the only significant changes observed were an increase in stroke volume and a decrease in heart rate.
Assay Data. The results of assays of anemic high output blood may be grouped according to changes observed in cardiac output and arterial pressure as indicated in tables 2-4.* No significant difference was noted between assays carried out with blood from dogs made anemic slowly by daily bleedings or rapidly by a Dextran-for-blood exchange.
Typical results with an infusion rate of 0.5 ml./Kg./min. may be seen in figure 1. At this rate 12 assays of anemic high output blood showed a type I response characterized by a 73.3 per cent rise in cardiac output and an unchanged or increased arterial blood pressure. Stroke volume was also significantly increased. The rise in cardiac output was associated with a decrease in arteriovenous oxygen difference and total systemic resistance. The oxygen consumption remained unchanged. Changes in heart rate, mean arterial and right ventricular end diastolic pressures were not significantly different from the changes noted with infusions of normal blood. Two of these 12 assays showed a slight fall in arterial pressure. These may represent an intermediate response between the type I response described here and the type II response described below.
A type II response, characterized by a fall in both cardiac output and arterial pressure was noted in 2 assays done at 0.5 ml./Kg./min. (table 2, fig. 1 ). These changes were never seen with infusions of normal blood at this rate. Arteriovenous oxygen difference rose and the heart rate fell. Oxygen consumption and total systemic resistance showed variable changes. Right ventricular end diastolic pressure decreased in the one instance it was measured.
If all 14 assays of anemic high output blood are statistically analyzed there is still a significant increase in cardiac output noted of 61.5 per cent ± 18.7 (S.E.M.).
Two assays of anemic normal output blood * Only statistical summaries are given at the editor's request. Detailed tables may be obtained on request from the authors. 
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Two assays of anemic normal output blood were done at this rate (table 2). The results resemble the effects of infusion of normal blood ( fig. 1) .
At an infusion rate of 1.0 ml./Kg./min. 7 assays showed a type I response and 4 assays showed a type II response (table 3) . The type I responses showed an average rise in cardiac output of 70.7 per cent compared to the 21.9 per cent rise observed with infusions of normal blood at this rate. Arteriovenous oxygen difference and total systemic resistance decreased. Changes in mean arterial and right ventricular end diastolic pressures, heart rate and oxygen consumption were not different from those seen with normal blood infusions.
In the 4 type II assay responses, cardiac output and mean arterial pressure fell. A decrease in these indices was not seen with infusions of normal blood. Arteriovenous oxygen difference and total systemic resistance increased. Heart rate decreased in 3 of the 4 assays and the right ventricular end diastolic pressure rose slightly in the 2 instances it was measured.
If all type I and II assays done at 1.0 ml./ Kg./min. are pooled, the average change in cardiac output is not significantly different from that seen with infusions of normal blood given at this rate, presumably because of the greater incidence of type II responses.
Two infusions of anemic normal output blood were given and the cardiac output change noted fell within the fiducial limits of cardiac output change observed with infusions of normal blood at this rate.
At infusion rates of 1.5 ml./Kg./min. 2 assays of anemic high output blood showed a Four assays showed a type III response characterized by a "triphasic" change in arterial pressure, i.e., an early sudden and marked fall, a rapid recovery to normal or hypertensive levels and a more prolonged secondary fall in pressure (table 4). The end of the infusion coincided with the secondary period of hypotension in all but one where the infusion ended during the hypertensive phase. Complete data in each phase was not obtained in all dogs because of the rapidity with which the various phases occurred. Complete data from one experiment is shown in table 4.
When the incidence of the types of response observed with infusions of anemic high output blood at the 3 different infusion rates was summarized (table 5) it was apparent that the type of response changed from a type I through type II to a type III as the infusion rate increased from 0.5 ml./Kg./min. to 1.5 ml./Kg./ mill.
DISCUSSION
The results obtained show that blood withdrawn from anemic dogs during the period of elevated cardiac output and infused into normal dogs produced typical hemodynamic changes which were not observed with infusions of normal blood or with blood obtained from anemic dogs when the cardiac output was not elevated. It is concluded that the characteristic hemodynamic changes were due to transferable properties in this "anemic high output blood." Infusions of normal blood at 1.5 ml./Kg./min. were not done, but the experiments of Ferguson and colleagues 3 indicate that a triphasic change in blood pressure is not observed at this or higher rates of infusion.
Since the effects of the agent disappeared after the infusion, indicating physiologic inactivation, the concentration in the assay dog would be expected to vary directly as the rate of administration. This would suggest that the type I, II and III responses were due to small, medium and large concentrations of the agent respectively, since the frequency of occurrence of these responses varied directly with the infusion rate. The possibility that more than one agent is involved in these changes cannot be overlooked.
There was a marked similarity between the hemodynamic changes observed in the type I assay response and the hemodynamic changes in the anemic donor during the compensatory hyperdynamic state. 1 No quantitative correlation exists, however, between the assay results and any measured change in the anemic donors. This, however, is not surprising since each assay dog was different and subject to the normal variations in biologic response. The cardiac output increase in both donors and assay dogs was associated with a decrease in arteriovenous oxygen difference and a fall in total systemic resistance. The oxygen consumption remained unchanged in both. The right atrial pressure in posthemorrhagic anemia is increased 1 but in the assays of anemic high output blood the right ventricular end diastolic pressure was often decreased or only slightly increased. This discrepancy may be explained by the fact that the increased right atrial pressure observed in chronic posthemorrhagic anemia appears to be a compensation for chronic reduction in blood volume rather than an integral part of the hyperdynamic state. 1 These observations suggest that the type I assay response observed with low concentrations, represents the physiologic response of the normal dog to the active agent. The effect of greater concentrations, as evidenced by the type II and III responses is considered an unphysiologic response.
It is not possible, at present, to define accurately the sites and mode of action of the humoral agent, but there is some support for both a direct nvyocardial action and a direct or indirect effect on peripheral vessels.
The nature of the agent is also not known, but several possibilities must be considered which include adrenal medullary hormones, V.E.M. serotonin and others. SUMMARY Blood removed from anemic (donor) dogs during a period of compensatory elevation in cardiac output (anemic high output blood) and infused into normal (assay) dogs, produced 3 types of response and which were statistically different from the effects produced by infusions of normal blood or blood obtained from anemic donors when the cardiac output was not elevated (anemic normal output blood).
The type I response, characterized by a rise in cardiac output and an unchanged or elevated blood pressure, was most frequently seen at an infusion rate of 0.5 ml./Kg./min. The type II response characterized by a fall in both cardiac output and arterial pressure was most often noted at an infusion rate of 1.0 ml./Kg./ min. The type III response or triphasic change in blood pressure, only seen at an infusion rate of 1.5 ml./Kg./min., was characterized by a sudden marked fall in pressure with rapid recovery to normal or hypertensive levels followed in turn by a more prolonged period of moderate hypotension.
The qualitative similarity between the type I assay response and the hyperdynamic circulatory state of the anemic donor suggests that the type I response represents the physiologic reaction of the normal animal to the active agent. The type II and III responses are considered unphysiologic and are thought to be due to high concentrations of some humoral agent.
The mechanism of action of the agent in the assay dog appears to involve both a direct myocardial action as well as a direct or indirect effect on peripheral vessels, or both.
